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1.0  PREFACE 

This  report  is  the  second  of  several  Quarterly  Progress 
Reports  of  Aeronautical  ^sterns  Dirtslon's  Study  Contract 
AF33(657)-110i*9,  dated  April  15,  1963 .  The  contract  Involves 
a  study  of  power  generation  and  conversion  techniques  for  supply¬ 
ing  high-frequency  electric  power  for  an  electric  propulsion 
engine.  Study  details  conform  to  Exhibit  "A"  (revised)  of 
the  Work  Statement  dated  29  August  1962,  and  modified  by 
supplemental  agreement  dated  21  May  1963* 

Data  and  information  In  this  report  represents  study  effort 
expended  during  the  July  15  to  October  15,  1963  reporting  period. 
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2.0  SUMMARY  AND  RSGOMMENDATIOKS 

Analytic  investigations  are  proceeding  ahead  of  schedule.  800  KC 
design  concepts  have  been  analyzed  in  this  second  quarter  of  study 
in  order  that  weight  versus  frequency  and  efficiency  versus  fre- 
'  quency  data  for  the  three  converter  frequency  levels  might  be  pre¬ 
sented  at  the  earliest  date  possible.  Analysis  of  three  converter 
concepts,  previously  formulated  in  the  first  three-month  study  period, 
has  continued  throughout  the  second  three-month  period.  These  con¬ 
cepts  are  (l)  a  motor -generator  unit,  (2)  a  static  (tube)  unit  and  (3) 
a  static  (transistor)  unit.  Each  of  these  converter  concepts  is 
discussed  in  a  separate  section  of  this  report  which  also  Includes 
the  parametric  data  developed  during  this  reporting  period. 

Figure  2.1-1  summarizes  the  three  converter  system  concepts 
(l0  and  30)  on  a  Ibs/lfW  (without  cooling)  versus  frequency  basis.  Ihe 
weight  advantage  of  the  static  (transistor)  converter  concept  (both 
10  and  30)  over  the  other  two  concepts  at  each  of  the  three  conversion 
frequencies  is  quite  evident.  The  motor -generator  concept  is  competi¬ 
tive  with  the  transistor*  imit  in  weight  only  at  the  50  KC  level 
(within  the  design  objective)  but  gets  decidedly  heavier  at  the  200  KC 
frequency  level.  It  has  not  been  considered  at  the  800  KC  frequency 
level  because  of  the  extreme  number  of  poles  and  ' or  high  rotor  s[:eed 
required  for  such  a  converter  device.  The  weight  of  the  static  (tube) 
converter  is  heavy,  but  fairly  independent  of  the  frequency  conversion 
level  for  the  50  to  800  KC  range. 

Figure  2.1-2  summarizes  in  a  similar  fashion  the  efficiency  versus 
frequency  for  the  three  converter  concepts.  The  static  (transistor) 
converter  is  the  most  efficient  of  the  three  concepts  with  the  static 
(tube)  converter  being  the  least  efficient.  To  be  noted,  is  the  fact  I 
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that  the  efficiency  of  the  300  KW  static  (transistor)  unit  exceeds 
the  design  objective  of  90^.  Unit  dimensions,  component  weights  and 
losses,  and  othe~r  required  data  are  surimarized  in  the  separate  con¬ 
verter  design  sections. 

Figure  2.1-3  summarizes  high-frequency  generator  weight  and 
efficiency  versus  frequency.  Efficiencies  are  higher  and  weights 
lower  foi"  the  50  KC  xrdt  than  for  the  200  KC  unit. 

Figure  2.1-4  is  part  of  the  thermal  analysis  work  accomplished 
during  the  second  three-month  period  tind  shows  the  weight  of  the  cool¬ 
ing  system  (radiator^ pumps,  fluid,  and  piping)  in  Ibs/KW  of  heat 
radiated  necessary  to  maintain  different  system  operating  temperatures. 
Total  system  weight  versus  temperature  results  for  the  three  converter 
systems  are  compared  in  Figures  2.1-5  and  2.1-6. 

A  more  complete  picture  of  the  effect  of  cooling  system  require¬ 
ments  on  total  system  weight  is  given  in  each  of  the  individual  system 
sections  of  this  report.  Curves  showing  the  total  system  weight/KW  as 
a  function  of  temperature  for  each  frequency  range  are  Included. 

No  experimental  effort  has  been  Iterforined  In  the  first  six  months 
of  the  study.  It  is  felt  that  experiments  need  to  be  performed  in  two 
areas  to  verify  basic  design  assumptions.  These  two  areas  in  which 
experiments  are  being  proposed  under  a  sepax'ate  letter  are: 

1.  Determination  of  core  loss  data  at  the  50  to  800  KC  frequency  level. 
Only  a  limited  amount  of  information  presently  exists  concerning  the 
magnitude  of  losses  at  these  frequency  levels  and  at  greater  than  room 
tempseratures.  The  data  presented  in  a  later  section  is  a  collection 
of  loss  data  from  several  sources.  Information  is  lacking  for  the 
800  KC  range  and  thought  not  to  be  too  accurate  at  the  100  to  200  KC 
level.  Since  transformer  weight  is  a  major  portion  of  the  system 
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weight  for  a  static  (transistor)  converter  and  static  (tube)  converter, 
losses  in  the  core  significantly  affect  the  system  weight  euid  also 
the  system  cooling  requirements. 

2.  Verification  of  the  response  of  power  transistors  in  series  and  in 
parallel  in  a  high  po’^er  chopper  circuit.  The  succesi:  of  'the  power 
chopper  circuit  is  dependent  upon  how  well  transistors  in  paxatllel 
share  currents  equally  and  this  aspect  of  the  converter  designs  needs 
experimental  analysis. 

Recommendations  for  the  remaining  portion  of  the  study  program  are: 

1.  Concentratioa  of  major  portion  of  the  design  effort  on  the  static 
(transistor)  type  of  converter, 

2.  Performance  of  experiments  to  determine  magnitude  of  magnetic  material 
losses  when  used  in  transformer  cores  at  high  frequencies  (50  to  8OO  KC) 
Tills  vouJ.d  include  testing  of  10  to  15  small  core  samples  (1|-  or  5 
different  types  of  materials)  in  core  configurations  and  also  In 
typical  reduced-size  transformer  configurations. 

3.  Performance  of  exp-eriments  using  a  limited  number  of  power  transistors 
(10  to  15)  in  a  power  chopper  circuit  to  detennine  the  response  of 
these  devices  in  parallel  operation. 

4.  Conti.nued  design  effort  to  determine  peiraraetric  data  for  the  100  KC 
high-frequency  generator  and  a  refinement  of  50  KG  and  200  KC  data. 

This  will  include  environment  and  thermal,  studies. 

5.  Summation  of  material,  environment  and  reliahility  study  Information. 

6.  Completion  and  submittal  of  preliminary  final  report  for  ASD  approval. 
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3.0  SECOND  QUARTER  ffiOOlESS 

Second  quarter  progress  has  included  the  following  analytic 
effort* : 

1.  Conceptual  con^'e^ter  designs  of  the  follcrwing  types: 

a.  60  KW,  10,  50  and  200  KC  motor-generator  sets. 

b.  60  KW,  10,  50  and  800  KC  static  (tube)  converter  xanits. 

c.  60  KV/,  10,  50  and  800  KC  static  (transistor)  converter  lonits. 

d.  300  KW,  10,  50  and  200  KC  motor-generator  sets. 

e.  300  KW,  10,  50  and  800  KC  static  (tube)  converter  units. 

f.  300  KW,  10,  50  and  800  KC  static  (transistor)  converter  units. 

g.  60  KW,  30^  50  and  200  KC  motor -generator  sets. 

h.  60  KW,  30»  50,  200  and  800  KC  static  (tube)  converter  units. 

i.  60  KW,  30/  50/  200  and  800  KC  static  (transistor)  converter 

units. 

J.  300  KW,  10,  50  KC  generator  for  24,000  RPM  turbine  drive. 

2.  Further  analysis  of  the  original  60  and  300  KW,  10,  200  KC  con¬ 
verter  and  high-frequency  generator  designs. 

3.  Related  studies  in  the  following  areas: 

a.  Materials 

b.  Cooling  system  design 

4.  Preparation  of  parair.etrlc  data,  mechanical  details,  euid  schematics 

of  the  above  items  for  use  in  this  report. 
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3.1  CONCEPTUAL  CONVERTER  DESIGNS 

3.1.1  KOTOR  GENERATOR 
A.  A  60  Ktf  UNIT 

The  design  of  a  motor-generator  type  of  60  KW  converter  has  been 
based  ont 

Input  -  60  KW,  1  KC,  U3.6/75.8  Volts^30 

Output  -  10,100  Volts,  50  -  800  KC,  10  and  30 
Figure  3. 1.1-1  illustrates  a  particular  converter  concept  in  which  a 
solid-rotor  type  of  generator  is  used  to  generate  high-frequency,  high- 
voltage  power.  The  input  frequency  of  1  KC  for  the  60  KW  converter 
requirement  gives  an  operating  speed  of  30,000  RPM  for  a  U-pole  motor  to 
drive  the  generator.  This  speed  has  been  selected  for  the  preliminary 
design  speed. 

Parametric  date  on  weight,  volume, losses,  and  efficiency  for  both 
10  and  30  60  KW  converter  designs  for  several  frequencies  are  tabulated 
in  Tables  3. 1.1-1,  3. 1.1-2  and  3. 2. 1-3.  The  effort  to  date  has  been 
concentrated  on  single-phase  $0  and  200  KC  designs,  and  on  a  50  KC  three- 
phase  design.  Due  to  the  number  of  poles  required  in  an  800  KC  design, 
the  motor-generator  concept  has  not  been  considered  for  the  800  KC 
requirement. 

Figure  3. 1.1-2  shows  mechanical  details  for  a  60  KW,  10,  50  KC  unit 
and  Figure  3. 1.1-3  shows  details  of  the  200  KC  unit. 

Since  a  three-phase  generator  requires  three  times  as  many  stator 
slots  as  does  a  single-phase  generator, a  larger  size  stator  is  required 
for  the  three-phase  generator  in  order  to  accommodate  the  number  of  slots. 
In  order  to  limit  the  rotor  stress  to  the  design  valve  of  60,000  psi,  it 
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SUMMARY  OF  60  K>/  MOTOR-GENFRATOR  PARAMETRIC  DATA 


10 

50  KC 

200  KC  1 

800  KC 

WEIGHT  ribs') 

ISO 

wmm 

{CW  RAD  (I/DSSES) 

10.1 

13.5 

KW  OUT 

49.9 

46.5 

EFFICIENCY  (^) 

83.1 

■77.5 

LiilNGTH  (inches) 

11.5 

17.8 

DIAJ.1FTER  (inches) 

10 

1 

12.5 

*  m. 

VOLUhtE  (cu.  ft.) 

.52 

1-3 

mm  m 

IBS/KW  RAD 

13.9 

23.7 

mm. 

LBS/KW  OUT 

3.0 

6.8 

mm 

30 

50  KC 

,  -  - — n 

200  KC 

800  KC 

WEIGHT  (lbs) 

176 

'  350 

K,'/  RAD  (losses) 

10.1 

13.8 

1 

KW  OUT 

49.9 

46.2 

m  m 

EFFICIENCY  (%) 

1  83.2 

77 

m  m 

LENGTH  (inches) 

15.8 

22 

m.m 

DIAMETER  (inches) 

9.8 

12 

m,  mm 

VOLUl-D^  (cu.  ft.) 

.65  i 

1.4 

mm 

lbs/kw  rad 

17.4 

25.4 

mm 

lbs/kw  out 

1 

3.5 

7.6 

— 

NOTE;  Values  do  not  include  cooling  system  weights 
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60  KW  HOTOR-GENERATOR  10  DESIGN  DATA 

NA-63-755-2 

COiJFIGURATION 

50  KC 

200  KC 

OPERAm’G  SPEED 

30,000  RP>'  ' 

30,000  RPM 

VJEIGHT  (I3S.) 

T^otor 

60 

60 

Generator 

70  . 

2U0 

Controls 

10 

10 

Cooling  (Structure) 

5 

5 

Bearings 

5 

5 

Total  (Pounds) 

320 

STATOR  LA2TKATI01IS  (.0005") 

HTIGJ  BO 

im  u  80 

GEITERATOR  LOSSES  (WATTS) 

Stator  Iron 

lliSO 

1610 

Stator  i2r 

760 

920 

Field  I^R 

9h0 

3920 

Windage  (2PSIA) 

U5 

1510 

Stray  Load  1^ 

600 

600 

Total  (Watts) 

3^25'” 

.  ■  ■  -1 

nOT* 

GENERATOR  EFFICIENCT  % 

91^ 

87.5 

I^OTOR  EFFICIENCT  % 

88.5 

88.5 

CONVERTER  EFFICIENCT  % 

83.1 

77.5 

OTHER  DATA 

Avg.  Stator  Tooth  Flux  Density 

In  Kilolines/Sq.  Inch. 

29.8 

15.8 

In  Gauss 

U610 

2UI4O 

Stator  Conductor  Current  Density 

In  Anperes/Square  Inch 

6U00 

6I1OO 

Field  Conductor  Current  Density 

In  Amperes/Square  Inch 

3500 

3500 

Conductors 

28  Ni-Clad  Cu 

28  Ni-Clad  Cu 

Curie  Temperature  °F 

932®F 

660OF 
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TABLES 

3.1.1-3 

60  KW  MOTOR-GENERATOR  DESIC2I  DATA  (30) 

CONFIGURATION 

50  KC  30 

200  KC  30 

OPERATING  SPEED 

30,000  RPT-'i 

30,000 

’aEIGHT  (lbs.) 

Motor 

60 

60 

Generator 

96 

270 

Controls 

10 

10 

Cooling  (Structure) 

5 

5 

Bearings 

Total  (Pounds) 

5 

rrr 

5 

550 

STATOR  IJOTNAnONS  (.0005") 

HY>-U  80 

HYMJ  80 

GENEPJITOR  LOSSES  ( WATTS) 

Stator  Iron 

595 

1975 

Stator  I^R 

1435 

1600 

Field  I2R 

658 

3900 

Windage  (2PSIA) 

265 

1700 

Stray  Load  1^6 

600 

600 

Total  (Watts) 

- 1 

355:5" 

GENERATOR  EFFICIENCT  % 

94.1 

83 

MOTOR  EFFICIENCY  % 

88.5 

88.5 

CONVERTER  EFFICIENCY  % 

83.2 

77 

OTHER  DATA 

Avg,  Stator  Tooth  Flux  Density 

21.5 

15.8 

In  Kilolines/Sq,  Inch 

In  Gauss 

3330 

2I440 

Stator  Conductor  Current  Density 
In  AiT.pere/Square  Inch 

Field  Conductor  Current  Density 

4200 

6400 

In  Ampere/Square  Inch 

3500 

3500 

Conductors 

28  Ni-Clad  Cu. 

28  Ni-Clad  Cu. 

Curie  Temperature  °F 

932°F 

860OF 
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is  necessary  to  construct  the  thjree-phase  generator  using  a  comon  shaft 
with  three  rotor  sections  on  it.  There  are  three  separate  stators  in  the 
design,  end  the  poles  of  the  rotor  sections  are  displaced  from  each  other 
by  120  electrical  degrees.  In  effect,  the  three-phase  output  is  achieved 
by  installing  three  single-phase  generators  in  a  common  frame  with  their 
voltage  outputs  in  parallel,  and  their  phase  displacement  such  as  to 
achieve  three-phase  power  at  the  output  terminals.  This  concept  is 
illustrated  in  Figure  3.1.1-U. 
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Figure  Preliminary  Mechanical  Design  of  60  KW 

5^0  KC  iiotor-Generator  ,  *  ^ 
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B.  A  300  Ktf  UNIT 

Design  details  of  a  motor  generator  type  of  converter  unit  to  meet 
the  300  KW  power  conversion  requirements  of  the  Work  Statement  are 
similar  to  those  of  the  60  KIV  unit  as  shown  in  Figure  3. 1.1-1.  Ihe 
basic  difference  other  than  power  handling  level  is  in  a  different  input 

I 

which  is  listed  as  follows t 

Input  -  300  KW,  3200  CPS,  120/208V,  30 

Oatp-g-  -30  -  200  KC,  10,100  V,  10  and  30 
As  in  the  case  of  the  60  KW  design  a  motor-generator  unit  was  not  consid¬ 
ered  for  the  800  KC  requirement  because  of  the  extreme  number  of  poles 
required  for  such  a  unit. 

The  motor  for  driving  each  of  the  generators  is  a  120  volt,  3200 
CFS,  30  synchronous  solid-rotor  type,  turning  at  21;, 000  RJM,  Parametric 
data  fcr  a  300  KW  converter  (10  and  30)  is  summarized  in  Tables  3,l.l-li. 
Additional  information  is  shown  in  Tables  3. 1.1-5  and  3. 1.1-6. 

Hechanical  details  of  50  KC  and  200  KC,  10  converters  are  shown  in 
Figures  3. 1.1-5  and  3. 1.1-6.  Figure  3, 1.1-7  shows  a  30,  50  KC  \mit  in 
which  three  separate  generator  sections  are  mounted  on  a  common  shaft. 

The  three  rotor  and  stator  sections  are  displaced  from  each  other  by 
120  electrical  degrees  to  produce  a  three-phase  voltage  output. 
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SUMMARY  OF  300  KW  MOTOR -GENERATOR  PARAMEOSIC  DATA 


’■SIGHT  (1^8 ) 


K:.';  RAD  (losses) 


KW  OUT 


EFFICIENCY  (^) 


LENGTH  (inchee) 


DLA]-ETER  (inches) 


VOLUME  (eu.  ft.) 


IBS/KW  RAD 


OUT 


KS-1  RAD  (LOSSES) 


KW  OUT 


EFFICmCY  ii) 


LrDiGTH  (inches) 


DIAFOiTER  (inches) 


VOLUlvE  (cu.  ft.) 


lbs/kw  rad 


LBS/KW  OUT 


50  KC 


ROO  KC 


250.5 


247.2 


NOTE:  Values  do  not  include  cooling  system  weights. 


800  KC 


800  KC 


roi 
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TABIE  3.1.1-5 

300  KW  MOTOR-GStlERATOR  DESIGN  DATA  (1^) 


CONFIGURATION 

50  KC  10 

200  KC  10 

OPERATING  SPEED 

2h,000  RPM 

2li,000  RPM 

WEIGHT  (IBS.) 

Motor 

175 

175 

Generator 

3U0 

1300 

Controls 

n 

11 

Cooling  (Structure) 

7 

7 

Bearings 

7 

7 

Total  (Pounds) 

5U0 

I5  o6  ” 

STATOR  LAMINATIONS  (.0005**) 

imiu  80 

HTMD  80 

GENEPJiTOR  LOSSES  ( WATTS) 

Stator  Iron 

Stator  I^R 

Field  rR 

10900 

5600 

2370 

6U30 

1285 

36UO 

Windage  (2PSIA) 

633 

li650 

Stray  Load  iX 

3000 

3000 

Total  (Watts) 

I8i88  “ 

53326 

GENEPJiTOR  EFFICIENCT  % 

9U.U 

93.2 

KOTOR  EFFICIENCT  % 

88.5 

88.5 

■  CONVERTER  EFFICIENCT  % 

83.5 

82.1; 

OIIIER  DATA 

Avg.  Stator  Tooth  Flux  Density 

29.6 

15.8 

In  Kilolines/Square  Inch 

In  Gauss 

U,l4.6o 

2,hh0 

Stator  Conductor  Current  Density 

6,U00 

6,k00 

In  Amperes/Square  Inch 

Field  Conductor  Current  Density 

In  Amperes/Square  Inch 

3,500 

3,500 

Conductors 

28  Ni-Clad  Cu 

28  Ni-Clad  Cu. 

Curie  Temperature 

932 

932 

t 
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TABLE  3.1.1-6 

300  KV  MOTOR-GENERATOR  DESIGN  DATA  (30) 

NA-63-755-2 

CONFIGCRATION 

?0  KC  30 

200  KC  30 

OPERATING  SPEED 

21;,  000  RPM 

'  2li,000  RPM 

WEIGHT  (LBS.) 

Motor 

Generator 

Controls 

Cooling  (Structure) 

Bearings 

Total  (Pounds) 


STATOR  LAITNATTONS  (.000?") 

HTMU  80 

GENERATOR  LOSSES  (WATTS) 

Stator  Iron 

1;020 

Stator  i2r 

6?20 

Field  I^R 

12l;0 

Windage 

129? 

Stray  Load  Ijf 

3000 

Total  (Watts 

1  ; 

T6o7? . 

HIMU  80 


1265^ 

6800 

12$0 

129? 

3000 


GENERATOR  EFFICIENCT  % 


MOTOR  EFFICIENCT 


CONVERTER  EFFICIENCT  % 


91;. 6 

91.6 

88.? 

88.? 

83.8 

80 

OTHER  DATA 

Avg.  Stator  Tooth  Flux  Density 
In  Kilolines/Sq,  Inch 
In  Gauss 

Stator  Conductor  Current 
Density  in  Amperes/Sq,  Inch 
Field  Conductor  Current  Density 
In  Amperes/Square  Inch 
Conductors 
Curie  Temperature 


21.21 

3300 

61;00 

3?00 

28  Ni-Clad  Cu. 
932  Op 


1?.8 

2l4i0 

61i00 

3500 

28  Ni-Clad  Cu. 
9320F 
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FiiTure  ,  3.1.1-5  Preliminary  i''iechanical  Design  of  300,  KW 
1  50  KC  Motor-Generator 
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3.1.2  STATIC  (tube)  converter  DESHaiS 
A.  A  60  KW  UNIT 

One  design  concept  for  a  60  KW  (input)  static  converter  unit  to 
meet  the  high-frequency,  high-voltage  requirements  of  the  Work 
Statement  involves  use  of  a  vacuiDB  tube  type  of  r-f  generator.  A 
particular  single-phase  concept  is  shovm  in  Figure  3. 1.2-1.  The 
system  is  fairly  simple  and  Involves  use  of  a  ceramic  type  power 
oscillator  tube  operating  in  Class  C  mode  to  generate  ^0  -  8OO  KC 
output  in  a  resonant  tank  circuit.  Transfer  of  high-frequency, 
high-voltage  power  to  the  single-phase  load  can  be  accomplished 
through  a  matching  transformer.  Weights,  volumes,  and  efficiencies 
are  shown  in  Tables  3*1. 2-1  and  3*1. 2-2  for  a  single-phase  concept. 

The  high-voltage  plate  power  for  the  oscillator  tube  is  furnished 
by  a  typical  series  three-phase  (quadrature  operation)  power  supply 
composed  of  a  high-voltage  plate  transformer,  three  thyratrons  and 
three  diodes.  The  D-C  output  from  the  power  supply  is  filtered  and 
applied  to  the  oscillator  tube  plate  through  two  r-f  chokes  (LL  &  12) 
which  also  serve'  as  r-f  isolators.  Control  of  the  grid  circuit  of 
the  gas  thyratrons  (T1,  T2,  &  T3)  is  provided  by  a  phase-shifter 
technique  which  allows  adjustment  of  the  plate  voltage  and  current  to 
the  oscillator.  The  net  result  is  a  means  of  -.-srying  the  power  output 
to  the  load. 

A  three-phase  concept  is  shown  in  Figure  3. 1.2-2.  As  can  be 
seen  from  the  figure,  the  three-phase  concept  involves  a  phase  shift¬ 
ing  of  the  output  from  a  typical  single-phase  output  into  a  composite 
three-phase  output.  This  is  done  by  a  capacitive  and  resistive 
network. 
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TABLE  3*1.2-1 

SUMMARY  OF  60  KW  STATIC  (TUBE)  CONVERTER  PARAMETRIC  DATA 

10 

50  KC 

200  KC 

800  KC 

WEIGHT  (lbs) 

358 

347 

345 

KW  RAD  (losses) 

18.9 

19.5 

19.9 

KW  OUT 

41.2 

40.5 

40.1 

EFFICIENCY  (?&) 

68.6 

67.5 

66.9 

LENGTH  (inches) 

26 

26 

26 

WIDTH  (Inches) 

19 

19 

19 

HEIGHT  (inches) 

38 

38 

38 

VOLUME  (cu.  ft.) 

10.9 

10.9 

10.9 

ibs/kw  rad 

18.9 

17.7 

17.2 

LBS/KW  OUT 

8.7 

8.5 

8.5 

30 

50  KC 

200  KC 

800  KC 

WEIGHT  (lbs) 

363 

353 

349 

KW  RAD  (LOSSES) 

18.8 

20.0 

21.8 

KW  OUT 

41.2 

39.9 

EFFICIENCY  H) 

68.7 

66.6 

63.7 

LEliGTH  (inches) 

34 

34 

34 

WIDTH  (inches) 

23 

23 

23 

HEIGHT  (inches) 

39 

39 

39 

17.7 

17.7 

17.7 

lbs/kw  rad 

19.3 

17.8 

16.0 

lbs/kw  out 

8.8 

_ 8^9 _ 

_ 9^1 _ 

NOTE:  VALUES  DO  NOT  INCLUDE  COOLING  SYSTEM  WEIGHT 
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TABLE  3.1# 2-2 

PRELIMIBARr  C0>!P0KErJT  LIST  FOR  A  60  KW  STATIC  CCIIVERTER  (TUBE)  (10) 


50  KC 


I  ROVER  SUPPLY  (HIGH  VOLTAGE) 

High  Voltage  Transformer  (X7) 
.1  KC,  30,  60  K'/i' 

VTagnetic  Switch 
Filament  Transformers  (Xl,  X2 
&  X3) 

Filament  Transformers  (Xli,  X5 
&  X6) 

Thj’ratrons  (Tl,  T2,  &  T3) 
i  Diodes  (TU,  T5  &  T6) 


1800 

378 


1800 

378 


OSCIIXATOR  SECTION 

Oscillator  Tube  (T7) 

8056  X  56  KW 

Filament  Transformer  (X9) 

Phase  Shifter 
Filter  Choke  (LI  &.  L2) 

Filter  Capacitor  (Cl) 

Coupling  Capacitors  (C2  &  C3) 
Neutralizing  Capacitors  (CU  L  C5 
Tank  Coil  Capacitor  (Ct) 
Resistors  (Rl,  R2,  R3,  RU,  R5) 
Tank  Coil 


11,200  U5  11,200  U5  ai,200 


OUTPUT  SECTION 

Natching  Transformer  (X8) 
60  KW,  10 


1650 


MSCELLANEOUS 

Nounting  structure 
Cooling  Ducts 
Controls 

Wire  and  Hard>?are 


TOTALS 


3?8# 


HIGH  VOLTAGE 
PLATE  TRANSFORMER 


I 


'> 
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0  A  of  the  output  waveform  is  derived  directly  frcxn  the  inverted 
waveform  (+  I80  degrees)  of  the  transformer  secondary.  0  B  is 
shifted  -60  degrees  electrically  and  0  C  is  shifted  +  60  degrees 
electrically.  Ttie  three  outputs  then  form  a  composite  three-phase 
voltage  for  use  in  the  load..  Power  consumed  in  the  phase-shifting 
capacitors  euid  resistances  is  fairly  low  because  of  the  low-current, 
high-voltage  output  requirement. 

Weights,  volumes,  and  efficiencies  for  a  three-phase  converter 
are  summarized  in  Table  3*l*2-3*  To  be  noted  is  the  fact  that 
weights  and  volumes  for  the  three-phase  lonit  are  not  much  greater 
than  those  for  the  single-phase  unit. 
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PRELIfINART  COMPONENT  LIST  FOR  A  60  KW  STATIC  (TOBE)  CONVERTER  (30) 


POVJER  SUPPLY  (HlCai  VOLTAGE) 

High  Voltage  Transformer  (X?) 

1  KC,  30,  60  KW 
Magnetic  Switch 
Filament  Transformer  (XI,  X2 
«:  X3) 

Filament  Transformer  (XU,  X5, 
X6) 

Thyratrons  (Tl,  T2  &  T3) 
Diodes  (TU,  T5  &  T6) 


?0  KC 


200  KC 

7T~<  LOSSES" 


100  100 


1800 

380 


800  KC 


100  .f^io 


OSCILLATOR  SECTION 

Oscillator  Tube  (T7)  80^  x  56  KIV 
Filament  Transformer  (X9) 

Riase  Shifter 
Filter  Choke  (U  &  12) 

Filter  Capacitor  (Cl) 

Coupling  Capacitors  (C2  &  C3) 
Neutralizing  Capacitors  (CU  &  C5) 
Tank  Coil  Capacitor  (CT) 

Resistors 
Tank  Coil 


OUTHJT  SECTION 

Matching  Transformer - 
2  Resistors 

2  Capacitors 


11,200 

100 

100 

3200 


U5  11,200 
5  100 
100 


■ 


h5  11,200 
5  100 
15 


MISCELLANEOUS 


Mounting  Structure 
Cooling  Ducts 
Controls 

V/ire  and  Hardware 


TOTALS 


363  #  18,760 

Watts 


20,033  3h9^  21,773 

Watts  Watts 
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B.  A  200  UjfIT 

Itie  design  of  a  single-phase  300  KW  (input)  static  (tube)  con¬ 
verter  unit  is  based  on  the  same  schematic  (Figure  3*l«2-l)  as  the 
60  KW  unit  with  a  higher  pover  input  level  being  the  major  difference. 
Power  input  to  this  converter  vmit  isi^also  at  a  different  voltage  and 

4.' 

frequency  -  120/208  volts  at  3200  cps  rather  than  the  43.6/75«Q  volts 
at  1000  cps  of  the  60  KW  unit.  Weights,  volumes,  and  efficiencies  for 
a  300  KW  unit  are  summarized  in  Tables  3»l*2-4  and  3*l*2-5* 

A  three-phase  concept  is  shown  in  Figure  3»l*2-2.  This  concept 
also  involves  use  of  the  single-phase  concept  with  the  addition  of  a 
phase-shifting  network  composed  of  resistors  and  capacitors.  At  the 
present  time  ve  are  not  sttre  of  the  power -handling  capabilities  of 
this  phase -shifting  network  at  the  300  KW  level.  It  appears  feasible 
because  of  the  fact  that  the  power  is  at  a  high-voltage,  low -current 
level  and  losses  should  not  be  too  great. 

Output  to  the  load  is  from  a  30  transformer.  Control  of  the 
output  power  is  through  the  individual  grid  circuits  of  each  of  the 
thyratrons  of  the  power  supply  section  where  voltage  and  plate  cxir- 
rent  to  the  oscillator  can  be  raised  or  lowered.  Components  of  a  300 
KW,  30  system  plus  weights,  volumes,  suid  efficiencies  are  summarized 
in  Table  3.1. 2-6  for  each  of  three  frequencies. 
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TABLE  3.1.2-U 

SUMMARY  OF  300  KW  STATIC  (TUBE)  CONVERTER  PARAMETRIC  DATA 


. . .  .10  - . 

50  KC 

200  KC 

800  KC 

WEIGHT  (lbs) 

577 

555 

549 

KW  RAD  (LOSSES) 

91.2 

92.6 

91.4 

KW  GOT 

208.8 

207.4 

208.6 

EFFICIENCY  (^) 

mmm 

69.1 

69.5 

LENGTH  (inches) 

26 

26 

26 

19 

19 

_ 19 _ 

HEIGHT  (inches) 

38 

38 

VOLUME  (cu.  ft.) 

10.9 

10.9 

10.9 

IBS/KW  RAD 

6.3 

6.0 

6.0 

IBS/KW  OUT 

2.8 

2.7 

2.6 

30 

50  KC 

200  KC 

800  KC 

WEIGHT  (lbs) 

592 

573 

562 

K^^r  RAD  (LOSSES) 

91.5 

94.3 

94.1 

KW  OUT 

208.6 

205.7 

205.9 

EFFICIENCY  (^) 

69.5 

68.6 

68.7 

lEEGTH  (inche.s) 

34 

__  34 

.  34 

WIDTH  (inches) 

23 

23 

_  _  23 . 

HEIGHT  (inches) 

38 

38 

38 

VOLUME  (cu.  ft.) 

17.2 

17.2 

17.2 

lbs^'kw  rad 

-  _ 

6.1 

6.0 

LBS/KW  OUT 

2.8 

2.8 

2.7 

NOTE:  Weight  figxires  do  not  include  cooling  system  weight 
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1 

1 

1 

2 

1 

2 

2 

1 
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TABLE  3. 1.2-0 

PFlELHaNARI  COMPONENT  LIST  FOR  A  300  W  STATIC  (TUBE)  CONVERTER  (10) 


T0!'T0NET^T 


LOS  £S 


WTT 

— ms^ 


HT 


606  FC 

TcSS^ 


FCVER  SUPPLY  (HIGH  VOLTAGE) 

- r 

: 

1 

Plate  Transformer  X?  3«2  KC, 

99 

8300 

99 

8300 

99 

3300 

30,  300  IW 

200 

!'agnetic  Swtich 

30 

200 

30 

200 

30 

Filament  Transformer 

10 

h8 

10 

lt8 

10 

CB 

Filament  Transformer 

12 

18 

12 

18 

12 

18 

Thyratrons 

12 

lit,  000 

12 

iU,ooo 

12 

lit,  000 

Diodea 

1  6. 

lt90 

6 

lt90 

6 

lt90 

OSCILLATOR  SECTION 

i' 

Oscillator  Tube  80«  .  x  290 

IbO 

08,000 

lltO 

08,000 

lltO 

08,000 

Filament  Transformer 

12 

2lt0 

12 

2lt0 

12 

2L0 

Phase  Shifter 

10 

200 

10 

200 

10 

200 

Filter  Choke 

30 

7,100 

30 

7,100  ■ 

30 

7,100 

Filter  Capacitor 

U 

— 

It 

— 

It 

-- 

Coupling  Capacitor 

It 

600 

It 

600 

It 

600 

Neutralizing  Capacitor 

2 

-- 

2 

•  — 

2 

■rw 

Tank  Coil  Capacitor 

2 

300 

2 

300 

2 

300 

Resistors 

■  2 

— 

2 

-- 

1  ^ 

Tank  Coil 

10  i 
1 

;  200 

10 

1 

1 

200 

!  10 

! 

200 

OUTHIT  SECTION 

i 

i 

1 

Thatching  Transformer  (X8) 

36 

1377 

lit 

2796 

86 

1638 

10,  300  KW 

TISCELLANEOUS 

i 

! 

Mounting  Structure 

90 

— 

90 

i 

90  i 

— 

Cooling  Ducts 

21 

— 

20 

— 

20 

— 

Controls 

10 

— 

10 

— 

10 

-- 

Wire  and  Hardware 

20 

t 

20 

20 

TOTALS 

077# 

91,178 

Watts 

009^ 

92,097 

Watts 

0It9# 

91,  It  39 

Watts 

■iio 
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PRELiraNAHI  COXPOI'IEIIT  LIST  FOR  A  300  KW  STATIC  (TUBE)  CONVERTER  (30) 


SUPPU  (Hies  VOLTAGE] 

Plate  Voltage  Transformer 
Magnetic  Swtich 
Filament  Transformer 
Filament  Transformer 
Thyratrons 
Diodes 


T~ 

— LOSSES' 

-  """ 

LuooUjO 

VT 

LOSSES 

99 

8350 

99 

8350 

99 

8350 

30 

200 

30 

200 

30 

200 

1$ 

U8 

15 

li8 

15 

CB 

12 

18 

12 

18 

12 

18 

12 

lii,000 

12 

lh,000 

12 

lh,000 

6 

li95 

6 

U95 

6 

U95 

OSCILLATOR  SECTION 

Oscillator  Tube 
Filament  Transformer 
Phase  Shifter 
Filter  Choke 
Filter  Capacitor 
Coupling  Capacitor 
Neutralizing  Capacitor 
Tank  Coil  Capacitor 
Resistors 
Tank  Coil 


$8,000 

2U0 

200 

7,100 


lUO  $8,000  lUO  $8,000 

12  PUO  12  2li0 

1$  200  15  200 

3$  7,100  35  7,100 


OUTPUT  SECTION 

Patching-  Transformer 

Resistors 

Capacitors 


1  -TTSCELLANEOUS 

i 

I  I'omting  Structure 
j  Cooling  Ducts 

j  Controls 

i  VJire  and  Hardware 


lii60 

100 

120 


h2h0 

1$0 

120 


TOTALS 


i  $92.  #  91,181 

1  Watts 


$73#  9U,311 

Watts 


$62#  9ii,0Ul 

Watts 
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C.  THERMAL  DESIGN 

Most  triode  tubes  operating  in  Class  C  mode  are  up  to  8o^ 
efficient  eund  such  efficiency  is  assumed  in  this  converter  unit. 

Ceramic -type  tubes  with  exceptionally  low  driving  power  are  being 
developed  and  some  have  capabilities  up  to  400°F  maximum.  , 

Figures  3*l*2-3  and  3*l-2-4  show  the  total  Ibs/KW  out  for  both 
single-phase  and  three-phase  converter,  60  KW  and  300  KW,  at  50  KC, 

200  KC,  and  8OO  KC  frequency  levels.  The  plotted  curve  Indicates  the 
system  weight  incurred  at  various  temperature  levels.  Since  the  tube 
system  is  limited  by  temperatxare,  the  system  operating  point,  as  far 
as  system  weight  is  concerned,  is  at  the  maximum  tube  operating  tempera¬ 
ture  (4oo°f). 

Design  of  the  cooling  system  considers  internal  cooling  ducts  for 
each  tube  (or  coolant  jacket)  and  use  of  rugged  ceramic  tube  types. 
Cold-plate  shelving  for  cooling  all  the  other  components  is  also  con¬ 
sidered  in  addition  to  internal  cooling  ducts  for  e&ch  of  the  trans- ’ 
formers.  The  possibility  of  using  a  liquid  bath  cooling  technique, 
enclosing  all  the  gas  tubes  and  maintaining  a  common  operating  tempera¬ 
ture  has  been  considered. 
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Flgiire  3*1  *2-3 

Analysis  of  System  Weight  vs  Temperat\rre 
for  60  KW  Static  (Tuhe)  Converter 
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D.  MECHANICAL  DESIGN 

The  static  (tube)  converter  unit  can  be  packaged  in  an  aluminum 
container  for  partial  protection  from  a  radiation  environment,  for 
mechanical  support,  for  limited  protection  from  raeteriod  damage,  and 
to  serve  as  a  heat  sink.  Typical  structural  design  for  a  60  KW,  30> 

50  KC  unit  is  shown  in  Figure  3*l*2-5  A  through  D,  and  is  based  on  maxi¬ 
mum  system  reliability,  minim\am  weight,  and  minimum  volume.  Weight 
dimensions  and  volume  data  is  shown  in  Tables  3-1-2-1  and  3-1-2-4. 

Each  tube  will  be  mounted  on  its  own  filament  transformer  for 
ccanpactness  and  to  make  use  of  the  transformer  as  a  partial  heat  sink. 
Tube  cooling  will  be  by  integral  cooling  ducts  for  the  oscillators  and 
cooling  fluid  jackets  for  the  diodes  and  thyratrons.  Optimum  cooling 
for  each  of  the  transformers  will  be  gained  by  mounting  them  back  to 
back  on  a  common  cold  plate  with  coolant  ducts  carrying  fluid  through 
each  transformer . 

Packaging  for  this  concept  is  not  too  flexible  because  of  -the 
tube  volumes  and  shapes.  Tube  outlines  used  in  the  design  layout  ore 
of  conventional  vuiits  and  are  expected  to  become  smaller  in  the  future 
as  advances  are  made  in  the  state-of-art.  Packaging  is  dependent  to  a 
great  degree  on  the  generator  configuration  and  also  the  load  configura 
tion.  Only  a  preliminary  concept  can  be  considered  xmtil  rapre  informa¬ 
tion  is  available  on  these  parts  of  the  total  system.  Components  in 
a  tube  system  are  not  as  susceptible  to  radiation  damage  as  semi¬ 
conductor  components  and  shielding  is  not  too  much  of  a  problem. 
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3.1.3  STATIC  (TRANSISTOR)  CONVERTER  DESIGNS 
A.  A  60  KW  UNIT 

A  transistorized  60  KW  power  converter  is  illustrated  in  Figure 
3. 1.3-1  and  shown  schematically  in  Figure  3.1. 3-2.  Parametric  data  is 
summarized  in  Tables  3. 1.3-1  and  3.1. 3-2. 

The  Ij3.6/75.8,  30,  1000  cycle  power  is  applied  at  the  input  terminals 
and  is  converted  to.  a  pulsating  D-C  by  diodes  CRl  -  CR6.  Filter  choke 
LI  and  filter  capacitors  C3  and  C6  smooth  the  rectified  A-C.  This 
filtered  D-C  is  then  applied  through  output  transformer  T2  to  the 
collectors  of  the  power  switching  transistors  Q3,  Q.S,  Q7,  Q9,  QIO,  and 
QU.  The  switching  rate  of  the  power  transistors  is  determined  by  the 
precision  square  wave  oscillator  Q1  and  Q2,  The  output  from  the  square 
wave  oscillator  is  applied  to  the  impedance  matching  transistor  Qh.  The 
output  from  QU  is  amplified  by  the  driver  transistors  Q6  and  Q8  and  is 
applied  to  the  power  switching  transistors.  Transformer  Tl,  filter  choke 
L2  and  filter  capacitors  C7  and  C8  form  the  low-voltage  power  supply 
which  furnishes  the  power  for  the  square-wave  oscillator  and  the  driver 
transistors.  Reference  diode  CF113  provides  a  regulated  voltage  for  the 
oscillator. 

The  selection  of  transistors  for  the  power  switching  section  will 
depend  on  future  current  capabilities  of  power  transistors.  Serious 
limitation  of  present-day  semiconductor  devices  is  in  operating  temp¬ 
erature  (100°C),  However,  new  materials,  including  gallium  arsenide,  are 

being  developed  which  should  raise  their  operating  temperature  capability 
,  o 

in  the  future  to  UOO  C, 
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SUl-MARY  OF  60  KW  STATIC  (TRANSISTOR)  COIfVERTKR  PARAiiETRIC  DATA 


NOTE;  Values  do  not  include  cooling  system  weights 


if  *  'A««  t  V  tl 


NORTH  American  Aviation,  Inc. 


INTERNATIONAL  AIRRORT 

LOS  ANGELES  0,  CALIFORNIA 


TABLE  3. 1.3-2 


NA-63-755-2 


PRELnO^IARI  C0I-:P0NENT  LIST  FOR  A  60  m  STATIC  (TRAIISISTOR)  CONVERTER  (10) 


_  ! 

?ol 

KC 

200 

KC  1 

800 

N0.| 

COl'TONENTS 

WT 

ifguaa 

HsyH 

fcftjbbtoM 

WT 

1 

{ 

POV.EII  SUPPLY  (LOV;  VOLTAGE) 

6  ! 

Rectifier,  senicond-uctor 

3.0 

lUiO 

3.0. 

11)1)0 

3.0 

,11)1)0 

1  ; 

Transformer,  low  voltage  (Tl) 

11.7 

20? 

11.7 

207 

11.7 

207 

2  ' 

Capacitor,  filter 

2.0 

1.0 

2.0 

1.0 

2.0 

1.0 

1  1 

Filter  Choke  (L2) 

13.85 

61). 8 

13.83 

6U.8 

15.83 

6U.8 

1  1 

Dicde,  zener  reference  (CR13) 

.1 

2.0 

.1 

2.0 

.1 

2.0 

1 

Resistor 

.2 

10.0 

.2 

10.0 

.2 

10.0 

PO-.-JER  SUPPLY  (HIGH  VOLTAGE) 

6 

Rectifier,  semiconductor 

3.0 

11)1)0 

3.0 

11)1)0 

3.0 

11)1)0 

2 

Capacitor,  filter 

.3 

~ 

.3 

— 

.3 

— 

1 

Filter  Choke  (Ll) 

16.0 

3320 

18.0 

3320 

18.0 

3320 

OSCILLATOR  SECTION 

2 

Transistor,  low  power  (Ql,  Q2) 

1.0 

2.0 

1.0 

2.0 

1.0 

2.0 

7 

Resistor 

1.3 

330 

1.3 

330 

1.3 

330 

Capacitor 

1.23 

1.23 

1.23 

... 

WAVE  SHAFER  AND  DRIVER 

1 

.  RM  MM 

Transistor,  power  (Q8) 

.3 

60 

.3 

60 

.3 

60 

1 

Transistor,  med  power  (Q6) 

.1 

3 

.1 

3 

.1 

3 

1 

Transistor,  low  power  (OU) 

.03 

.2 

.03 

.2 

.03 

.2 

2 

Resistor 

.1 

20 

.1 

20 

.1 

20 

3 

Resistor,  power 

.2 

300 

.2 

300 

.2 

300 

OUTPUT  SECTION 

6 

Transistor,  power 

3.0 

360 

3.0 

360 

3.0 

360 

6 

Resistor,  power 

1.73 

600 

1.73 

600 

1.73 

600 

6 

Resistor,  base  drive 

1.3 

300 

1.3 

300 

1.3 

300 

1 

Transformer,  output  (T2) 

13.0 

680 

8.09 

11)00 

li.8 

, 

2673 

[iISCELLAlTECUS 

Mounting  plate  and  Enclosure 

liO.8 

1)0.8 

1)0.8 

- 

Cooling  ducts 

3.0 

3.0 

— 

3.0 

.... 

Controls 

10.0 

10.0 

10.0 

—  — 

Wire  and  Hardware 

20.0 

20.0 

20.0 

> 

m 

c 

TOTALS 

I3l.9|^f 

9362 

Jtfatta, 

11)6.9# 

10,082 

Watts 

11)3. 7# 

im 

13 


RH 


\ 

- ( 

.  rP 

— 

k9 

s 

- ^ - « 

QIO  J 

-  rR)  ,  fF 

J 

.RI7 

1  ^ 
'  Rao 

J 

•tea 

R24  UaS  Ir26 

SVO\TCUES 


1 


yVA  loS~lS5 


C’ciTPUT 


ID.lOO  V. 

50-aDD  KC 

\4> 


,RI6 

,.l.Q 

,50W 


Pc>'W3ER 


R2I 

.015? 

200W 
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If  the  power  switching  circuit  was  designed  using  state-of-the- 
art  transistors,  it  would  consist  of  100  transistors.  In  order  to 
compensate  for  the  voltage  limit  of  most  power  devices,  two  transistors 
would  have  to  be  used  in  series,  Most  devices  are  presently  limited  to 
20  amperes  of  current  and  this  would  require  50  pairs  of  transistors 
in  parallel  for  the  60  KW  "unit. 

A  three-phase  converter  is  shown  schematically  in  Figvire  3. 1,3-3 
with  parametric  data  included  in  Tables  3,1«3-1  snd  3,1«3— 3»  120/208 

volt,  30,  1000  cps  power  is  applied  at  the  input  terminal  and  is  con¬ 
verted  to  a  pulsating  DC  voltage  by  the  power  diodes  CRI-CR6,  This  DC 
voltage  is  then  filtered  by  filter  choke  LI  and  filter  capacitors 
and  C2.  This  filtered  DC  is  now  applied  directly  to  power  transistors 
QI9  through  Q60, 

The  switching  rate  of  the  power  transistors  is  determined  by  the 
three-phase  sine  wave  oscillator.  The  0A  output  from  the  oscillator  is 
applied  to  the  impedance  matching  transistor  Q7.  The  output  from  Q7  is 
applied  to  the  Schmitt  trigger  (square  wave  forming  circuit)  Q8  and  09, 
The  output  from  Q9  is  then  applied  to  the  emitter  follower  Q6I  which 
feeds  transformer  T2  and  powers  the  push-pull  driver  Q13  and  Qlii, 

The  output  from  the  push-pull  driver  is  then  applied  through  trans 
former  to  drive  the  power  transistors.  The  same  pattern  is  followed 
with  0B  and  0C,  The  final  output  is  taken  from  three-phase  output  trai 
former  T8, 
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TABLE  3. 1.3-3 

i-mil'TINARY  COITONEIJT  LIST  FOR  A  60  STATIC  (TRAIKISTOR)  COIJVERTER  (30) 


- 

200 

KC 

800  KC  1 

Io7 

COMPOJSNTS 

WT  j 

WT 

LOSSES 

SB 

1 

! 

i 

?0'-/ER  SUPPLY  (low  VOLTAGE) 

- f 

(Watts] 

(Watts) 

(Watts) 

2  i 

Capacitor,  filter 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

1 

Filter  Choke 

10,0 

ICOO 

10.0 

1000 

10.0 

1000 

1 

Diode ,  zener  reference 

.1 

1.0 

.1 

1.0 

.1 

1.0 

1 

Resistor 

.2 

IC.O 

.2 

10.0 

.2 

10.0 

6 

Rectifier,  semiconductor 

1.5 

3-iil; 

1.5 

3hh 

1.5 

3hU 

1 

Transformer 

18.0 

L29.5 

18.0 

Ii29.5 

18.0 

1;29.5 

Pa..i;R  SUPPLY  (HIGH  VOLTAGE) 

6 

Rectifier,  semiconductor 

3.0 

2COh 

3.0 

2001; 

3.0 

2001; 

2 

Capacitor,  filter 

.5 

— 

.5 

— 

.5 

— 

1 

Filter  Choke  (L2) 

31.0 

200 

31.0 

200 

31.0. 

200 

OSCimTOR  SECTION 

3 

Transistor 

1.5 

30.0 

1.5 

30.0 

1.5 

30.0 

3 

Capacitor 

.75 

.75 

— 

.75 

— 

3 

Resistor,  base  drive 

.6 

6.0 

.6 

6.0 

.6 

6.0 

6 

Resistor 

.6 

6.0 

•6 

* 

6.0 

.6 

6.0 

WAVE  SHAPER  AITO  DRIVER 

l4 

Transistor,  low  power 

.3 

1.5 

.3 

1.5 

.3 

1.5 

Capacitor 

U.o 

— 

h.O 

— 

U.O 

— 

6 

Resistor  (lOW) 

.75 

fo.o 

.75 

60.0 

.75 

0.0 

)4 

Transistor,  med  power 

.75 

20.0 

.75 

20.0 

.75 

60.0 

h 

Transistor,  high  power 

1.0 

30.0 

1.0 

30.0 

1.0 

30.0 

26 

Resistor  (IV/) 

.5 

26.0 

.5 

26.0 

.5 

26.0 

OUTPUT  SECTION 

2h 

Transistor,  power 

8 

5280 

8 

5280 

8 

5280 

2h 

Resistor,  emitter 

6 

2l;00 

6 

2li00 

6 

2li00 

1 

Transformer,  output 

19 

1019.6 

6.7 

968 

5 

161;5 

3 

Transformer,  push-pull  driver 

5.95 

615 

.91; 

300 

.18 

63 

3 

Transformer,  driver 

.36 

30 

.36 

30 

.36 

30 

21; 

Resistor,  base  drive 

1 

1200 

U 

1200 

k 

1200 

3 

Transistor 

1 

193.5 

1 

193. S 

1 

193.8 

I'lISCELLANEOUS 

Mounting  plate  and  Enclosure 

itO.8 

— 

)40.8 

- — 

ho. 8 

Cooling  Ducts 

3.0 

— 

3.0 

— 

3.0 

Controls 

10.0 

— 

10.0 

— 

10.0 

•• 

Wire  and  Hardware 

20.0 

— 

20.0 

IBEEBi 

20.0 

... 

195.2# 

lii,908 

177.S# 

l!S^ 

175.h# 
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A  300  KW  UNIT 

A  transistorized  power  converter  for  delivering  single-phase_,high 
frequency  power  is  shown  schematically  in  Figure  3.1.3-li.  Data  is 
sumrriarized  in  Tables  3.1.3-U  and  3. 1.3-5.  The  operation  of  the  circuit 
is  identical  to  that  of  the  60  KW  \init.  The  300  KW  input  is  120/208  volt, 
30,  3200  cps  power  rather  than  the  U3.6/75.8  volt,  1000  cps  power  for  the 
60  KW  \init.  The  filtered  DC  from  the  rectifier  section  is  applied  to  one 
side  of  the  output  transformer  T2,  The  other  side  of  the  output  trans¬ 
former  is  connected  in  series  with  this  parallel  group  of  power  transistor 
which  switch  the  DC  voltage  at  a  ^0-800  K  cps  rate  thiui  the  primary  wind¬ 
ing  of  T2,  The  output  from  the  secondaiy  winding  of  T2  is  then  stepped 
up  to  a  value  of  10,100  volts  AC  for  the  load. 

The  switching  rate  of  the  power  transistors  is  determined  by  the 
precision  square-wave  oscillator.  The  output  from  the  oscillator  is  fed 
to  the  driver  transistors  Q8  and  QIO  through  the  impedance  matching 
emitter-follower  transistor  QU.  The  driver  transistors  and  oscillator 
are  powered  by  the  low  voltage  power  supply, 

A  three-phase  design  for  the  300  KW  (input)  unit  is  shown  in 
Figure  3,1, 3-5  and  is  almost  identical  to  the  30,  60  KW  unit.  Major 
difference  is  in  the  number  of  power  transistors  in  the  power  switch 
section.  Summarized  data  for  this  design  is  shown  in  Tables  3.1.3-U  and 
3.1.3-6. 
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TABLE  3.1. 3-U 


SUMMARY  OP  300  KW  STATIC  (TRANSISK®)  CONVERTER  PARAMETRIC  DATA 


10 

50  KC 

200  KC 

800  KC 

WEIGHT  (lbs) 

i  203 

175 

167 

KW  RAD  (losses) 

13.9 

I3.T 

13.9 

KW  OUT 

286.2 

286.3 

286.2 

EFFICIENCY  H) 

95.^^ 

95  A  ' 

95.^ 

LENGTH  (inches) 

2k 

2i| 

20 

I 


WIDTH  (inches)  19  19  19 


HEIGHT  (inches) 

11.5 

12 

1  ! 

11.5 

VOLUME  (cu.  ft.) 

3.0 

3.2 

2.5 

LBS/KW  RAD 

lk,l 

14.2 

12.8 

lbs/kw  OOT 

.71 

«6l 

.58 

30 _ 50  KC  200  KC _ I  800  KC 


WEIGHT  (lbs) 

265 

206 

194 

KW  RAD  (losses) 

25.9 

26.2 

26.0 

KW  OUT 

274.1 

273.8 

i  273.9 

EFFICIENCY  (^) 

91.4 

91.3 

91.3 

LENGTH  (inches) 

24.5 

24.5 

24.5 

WIDTH  (inches) 

22.5 

22.5 

22.5 

HEIGHT  (inches) 

18 

18 

18 

VOLUME  (cu.  ft.) 

5.7 

5.7 

5.7 

LBS/KW  RAD 

10.3 

7-9 

7.4 

lbs/kw  out 

.97 

1 

.75 

.70 

NOTE;  Values  do  not  include  cooling  system  weights 
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TABLE  3. 1.3-5 


BRELIiaNARY  COMPONENT  LIST  FOR  A  300  KJ  STATIC  (TRANSISTOR)  CONVERTER  (10) 


Cf  ■  'K'1:R2:T3 


POMER  SUPPLY  (L01-:  P0V7ER) 


6 

1 

2 

1 

1 

1 


Rectifier,  semiconductor 
Transformer,  low  voltage  (Tl) 
Capacitor,  filter 
Filter  Choke  (L2) 

Diode,  zener  reference  (CR13) 
Resistor 


6 

2 

1 


2 

7 

5 


2 

1 

1 

2 

r' 

P 


1  POv.TlR  SUPPLY  (HIGH  VOLTAGE) 

Rectifier,  semiconductor 
Capacitor,  filter 
Filter  Choke  (LI) 

OSCILLATOR  SECTION 

Transistor,  low  power  (Ql,  Q2 

Resistor 

Capacitor 

LAVE  SHAPER  AND  DRIVER 

Transistor,  power  (Q8,  QIO) 
Transistor,  med  power  (Q6) 
Transistor,  low  power  (Qh) 
Resistor 
Resistor,  power 


1  OUTPUT  SECTION 

10  I  Transistor,  power 

10  I  Resistor,  power 

10  !  Resistor,  base  drive 

1  i  Transformer,  output  (T2) 


MISCELLANEOUS 

Mounting  plate  and  enclosure 

Cooling  ducts 

Controls 

Wire  and  Hardware 


TOTAI^ 


U...  .1  !■  1  1  ■ 

^0 

FC 

200 

KC 

800 

KC 

•  «  J 

LOSSES 

WT  ; 

LOSSES 

WT  ; 

LOSSES 

i  3.0  ! 

Ulo 

3.0 

lliUO 

< 

3.0 

UUo 

i  18.0  ! 

ii30 

18.0 

ii30 

16.0 

U30 

2.0 

1.0 

2.0 

1.0 

2.0 

1.0 

'  31.0 

200 

31.0 

200 

31.0 

200 

'  .1 

2.0 

.1 

2.0 

.1 

2.0 

;  .2 

10.0 

.2 

10.0 

.2 

10.0 

3.0 

lijho 

3.0 

lliUO 

3.0 

•  lllo 

1 

— 

.5 

— 

.5 

— 

10.0 

1000 

10.0 

1000 

10.0 

1000 

1.0 

2.0 

1.0 

2.0 

1.0 

2.0 

1.5 

350 

1.5 

350 

1.5 

350 

1.25 

1.25 

1.25 

.5 

60 

.5 

60 

.5 

60 

.1 

5 

.1 

5 

.1 

p 

.05 

.2 

.05 

.2 

.05 

.2 

.1 

30 

.1 

20 

.1 

20 

.5 

500 

.5 

500 

.5 

500 

2.5 

2300 

2.5 

2300 

2.5 

2300 

2.0 

1000 

2.0 

1000 

2.0 

1000 

1.3 

500 

1.3 

500 

1.3 

500 

50.7 

1622 

22.8 

yi72 

lli.36 

.  14622 

Uo.8 

1;0.8 

10.8 

3.0 

— 

3.0 

— 

3.0 

10.0 

— 

10.0 

10.0 

... 

20.0 

20.0 

20.0 

203.1# 

13,882 

175.2^ 

13732.2 

I66.^si 

^13,882 

Watts 

Watts 

1  Watts 

POWER  DRIVER 
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TABLE  3. 1.3-6 


PRELIMINART  COI^PONEMT  LIST  FOR  A  300  KW  STATIC  (TRAIISISTOR)  CONVERTER  (30) 


1 — 

KC 

ko";t 

COMPOfJENTS 

■■  'LoS£E3“ 

KB2al 

— r 
1 
! 

POiiFER  SUPPU  (LON  VOLTAGE) 

(Watts) 5 

1 

(Watts ) 

(Watts; 

2 

Capacitor,  filter 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

1 

Filter  Choke 

10.0 

1000 

10,0 

1000 

10.0 

1000 

1 

Diode,  zener  reference 

.1 

1.0 

.1 

1.0 

.1 

1.0 

1 

Resistor 

.2 

10.0 

.2 

10.0 

.2 

10.0 

6 

Rectifier,  semiconductor 

1.5 

3U1| 

1.5 

3UU 

1.5 

3UU 

1 

Transformer 

18.0 

h29.5 

18.0 

U29.5 

18.0 

U29.5 

POETR  SUPPLY  (HIGH  VOLTAGE) 

6 

•Rectifier,  semiconductor 

3.0 

200U 

3.0 

200U 

3.0 

200U 

2 

Capacitor,  filter 

.5 

— 

.5 

— 

.5 

— 

1 

Filter  Choke 

31.0 

200 

31.0 

200 

31.0 

200 

OSCILLATOR  SECTION 

3 

Transistor 

1.5 

30.0 

1.5 

30.0 

1.5 

30.0 

3 

Capacitor 

.75 

— 

.75 

— 

.75 

— 

3 

Resistor,  base  drive 

.6 

6.0 

.6 

6.0 

.6 

6.0 

6 

Resistor 

.6 

6,0 

.6 

6.0 

.6 

6.0 

WAVE  SHAPER  AND  DRIVER 

1; 

Transistor,  low  power 

.3 

1.5 

.3 

1.5 

.3 

1.5 

15 

Capacitor 

U.O 

— 

U.O 

— 

U.O 

__ 

6 

Resistor 

.75 

60.0 

.75 

60.0 

.75 

60.0 

h 

Transistor,  med  power 

.75 

20.0 

.75 

20.0 

.75 

20.0 

h 

Transistor,  high  power 

1.0 

30.0 

1.0 

30.0 

1.0 

30.0 

26 

Resistor 

.5 

26.0 

.5 

26.0 

.5 

26.0 

OUTPUT  SECTION 

1.2 

Transistor,  power 

Ih.O 

10.752 

lU.o 

10,752^ 

lU.o 

10,752 

h2 

Resistor,  emitter 

10.5 

U200 

10.5 

U200 

10.5 

U200 

1 

Transformer,  output 

65.7 

3362.3 

18.8 

3U23 

10.0 

2783 

3 

Transformer,  push-pull  driver 

18.9 

1065 

6.0 

1329 

3.0 

1818 

3 

Transformer,  driver 

.3 

10.0 

.3 

10.0 

.3 

10.0 

3 

Transistor 

1.0 

199.8 

1.0 

199.8 

1.0 

199.8 

h2 

Resistor,  base 

It.O 

2100 

U.O 

2100 

U.O 

2100 

MISCELLANEOUS 

„ 

Mounting  plate  and  enclosure 

UO.8 

Uo.8 

...» 

UO.8 

Cooling  ducts 

3.0 

— 

3.0 

— 

3.0 

_ 

Controls 

10.0 

— 

10.0 

— 

10.0 

Wire  and  Hardware 

20.0 

1 

— 

20.0 

— 

20.0 

iQ3m 

265.3,^ 

26,183 

193.1# 

26,032 

FORM  ft-G'l  REV.  §>•! 
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C.  THERMAL  DESICai 

For  p-urposes  of  a  cooling  analysis,  it  is  assumed  that  all  transis¬ 
tors  will  be  mounted  on  a  heat  sink  material  which  is  part  of  the  heat 
exchanger  or  cold  plate.  In  the  thermal  analysis,  thermal  drop  through 
electrical  insulation,  allowable  junction  temperatures  of  the  transistors 
and  internal  heat  flow  from  each  device  to  the  heat  exchanger  were 
considered. 

Since  present  transistors  are  limited  in  temperature  to  below 
300°F,  this  is  the  governing  factor  in  determing  the  system  operating 
point.  Figure  3. 1.3-6  shows  the  total  Ibs/KWout  for  both  single-phase 
and  three-phase  converter  outputs  at  $0  KC,  200  KC  and  800  KC  for  the 
60  KW  unit.  The  curves  show  the  trend  of  system  weight  with  temperature. 
From  these  curves,  the  optimum  operating  point  from  a  weight  basis  is 
higher  than  the  maximum  transistor  operating  temperature  (300°F).  Lighter 
weight  systems  are  possible  only  as  transistor  temperature  capabilities 
are  increased. 

Figure  3.1. 3-7  is  an  analysis  of  total  sj’-stem  weight  versus  system 
operating  temperatures  for  the  300  KW  (input)  system. 
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System  Weights  Include  Weights  of 
;  1.  Converter  j  .  1 ;i;';  ■; 

'  2*.  Radiator  ,  |  •  ; 

3*  Pumps  and  Ducting 
1'-  Ii.  CoolineJEluid  rZIZli-__Z 


3^  (50  KC  -  600  KC)- 


TEMPERATURE  IN  F 

Figure 

Analysis  of  System  Weight  vs  Temperatvire 
for  60  K'/  Static  (Transistor)  Converter 
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D.  MECHANICAL  DESIGN 

This  converter  concept  can  be  packaged  within  an  aluminum  stinicture 
for  protection  against  radiation  and  space  erosion.  This  structure  will 
provide  minimum  weight  to  maximum  strength  plus  good  thermal  conductance 
characteristics.  A  preliminary  package  design  for  a  60  KW,  10,  200  KC 
concept  is  typical  of  the  other  designs  and  is  shown  in  Figures  3.1.3-8A 
-  C,  Unit  dimensions  and  volumes  for  each  of  the  concepts  are  summarized 
in  Tables  3.1. 3-1  and  3.1. 3-U. 

The  internal  portion  may  be  considered  to  be  in  a  tray  configuration, 
in  which  each  tray  holds  a  portion  of  the  circuit.  The  trays  are  formed 
from  alum.inum  sheets  so  that  coolant  tubes  may  be  imbedded  in  them  to  form 
a  cold-plate  struct\ire. 

In  order  to  isolate  the  transistors  and  diodes  from  the  high  power 
components,  such  as  resistors  and  transformers,  thin  insulation  barriers 
may  be  set  up  around  the  transistors.  These  barriers  will  consist  of 
thin  aluminum  foil  against  thin  glass  or  asbestos  cloth.  This  will 
provide  a  means  of  controlling  the  temperature  of  the  transistors  and 
diodes  which  are  the  most  heat  sensitive  of  the  electrical  components. 

Since  the  parts  are  in  general  rather  small  in  a  transistor  type  of 
unit,  there  is  greater  flexibility  in  package  design  and  this  concept  can 
be  packaged  to  match  the  generator  configuration  and  the  electric  pro¬ 
pulsion  engine  configuration. 
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Section 

View 


End  View 


Figure  3,1»3-8C,  ■  Section  View  of  60  KIV,  10  200  KC  Converter 
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HIGH  -  niEQUEBCy  GERERATCR  COHCEPT 

300  KW,  50  KC  AND  200  KC,  2^,000  RPM  (ELECmOMAGIiHTIC)  GEffl5»AK» 
BASIC  DESIGH 

Hiis  generator  design  Is  similar  to  the  generator  design 
considered  for  use  In  the  3OG  KW  motor-generator  concept  and  Is 
to  he  driven  directly  from  a  turbine.  In  comparing  the  weight  of 
the  two  concepts,  the  generator  system  weight  should  be  less  than 

j 

the  weight  of  the  motor-generator  concept  by  the  amount  of  motor  j 
weight  required  by  the  converter  system.  To  be  considered  also 
Is  the  fact  that  this  generator  design  Is  based  on  a  ^00  HP  Input 
from  the  turbine  which  is  really  373  KW  Input.  Performance  and 
loss  data  Is  shown  in  Table  3*2. 1-1  and  3*2. 1-2  which  follows  for 
a  50  KC  and  200  KC  high-frequency  generator  design,  and  is  based 
on  Inputs  and  outputs  shown  In  the  block  diagram  below. 

Figure  3*2. 1-1  illustrates  the  basic  generator  concept  eind  the 
200  KC  design  is  further  described  in  mechanical  detail  in  Figure 
3. 2, 1-2.  Details  of  a  50  KC,  10  generator  concept  are  shown  in 
Figure  3«2.1-3»  Design  details  for  a  100  KC  and  additional  details 
for  a  200  KC,  10  configuration  are  being  determined  at  the  writing 
of  this  report  and  will  be  available  at  the  next  report. 
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TABLE  3. 2. 1-1 

SUMMARY  OF  HIGH-FREQUENCY  GENERATOR  PARAMETRIC  DATA 


10 

50  KC 

200  KC 

WEIGHT  (lbs) 

1^25 

1525 

KW  RAD  (LOSSES) 

16. 

25.4 

KW  OOT 

mmm 

msmmm 

EFFICIENCY  (^) 

■nai 

mmmm 

LEiraTH  (Inches) 

10.7 

28 

DIAMETER  (inches) 

15.8 

17.9 

VOLUME  (cu.  ft.) 

1.2 

4.1 

lbs/kw  rad 

25.0 

60.0 

lbs/kw  oot 

1.2 

4.4 

NOTE:  Values  do  not  include  cooling  svstem  weights 


WEIGHT  (IBS.) 

Generator 

Controls 

Cooling  (Structure) 

Bearings 

Total  (Lbs) 

LAMINATION  MATERIALS 
Ibickness 


LOSSES  (watts) 

Stator  Iron 
Stator  I^R 
Field  I^R 
Windage 
Stray  Load 
Total  (Watts) 

GENERATOR  EFFICIENCI  H) 

OTHER  DATA 

Avg,  Stator  Tooth  Flux  Density 
in  Kilolines/Square  Inch 
In  Gausses 

Stator  Conductor  Current  Density 
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Field  Conductor  Current  Density 
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Curie  Teinperat\ire  °F 
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Figure  3,2 .1-1  Basic  Generator  Configuration 
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Figure  3*2. 1-4  shows  the  relationship  between  rotor  poles  and  sta¬ 
tor  slots  for  the  proposed  generator.  The  South  poles  of  the  rotor 
are  displaced  axially  from  the  rotor  North  poles.  The  stator  slots 
are  so  chosen  that  adjacent  stator  slots  are  located  one  for  eveiy 
three  poles  of  the  rotor  (counting  both  North  and  South  poles).  A 
stator  slot  may  have  a  maximum  width  of  a  pole  pitch,  the  dlstemce 
from  the  center  of  a  North  pole  to  the  center  of  a  South  pole.  This 
places  the  slots  so  that  the  induced  voltages  are  in  opposite  directions 
in  adjacent  slots.  Figvtres  3*2. 1-1  and  3*2. 1-5  show  cross  sections 
through  the  generator. 

Rotor  -  The  rotor  is  made  of  a  high-strength,  solid  magnetic 
material  and  the  outer  circvunference  is  slotted  to  form  poles  similar 
to  gear  teeth.  The  teeth  in  one  section  are  displaced  l80  electrical 
degrees  from  the  teeth  in  the  other  axially  displaced  section  as  shown 
in  figure  3 •2. 1-4.  The  depth  of  slot  depends  on  the  air  gap  between 
stator  8UJd  rotor  teeth  and  nnist  be  sufficient  to  reduce  the  flvuc  from 
the  space  between  poles  to  the  stator  to  a  low  percentage  of  the  flux 
from  the  teeth  to  the  stator.  The  two  sections  of  the  rotor  are  spaced 
by  a  nonmagnetic  material  to  minimize  flux  leakage  between  the  north 
and  south  section. 

The  flux  in  the  rotor  is  a  dc  flux  and  produces  no  loss  during 
steaidy  state  operation.  A  ripple  flux  in  the  pole  tips  will  produce 
some  losses;  this  loss  may  be  reduced  by  reducing  the  stator  slot 
opening  to  less  than  the  width  of  a  rotor  tooth  to  prevent  the  fl\xx 
from  changing  in  the  teeth. 
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Outer  Yoke  -  Hie  outer  yoke  carries  the  flux  from  the  North 
stator  section  to  the  South  stator  section.  The  flux  rotates  in  the 
outer  yoke  at  the  same  speed  (RPM)  as  the  rotor  is  turning,  .  It  is 
an  unchanging  or  dc  flux  for  euiy  load  condition.  The  outer  yoke  is 
shown  as  a  tape  wound  core  and  very  little  loss  is  generated  by  a 
constant  spinning  flux.  The  outer  yoke  lamination  may  be  from  a 
thicker  and  higher  loss  material  than  the  stator  iron,  and  be  operated 
at  high  flux  densities. 

Stator  Iron  -  The  stator  iron  is  subjected  to  a  pulsating  flux 
of  the  generating  frequency  of  a  single  polarity  in  each  stator 
section.  The  flux  rotates  in  the  yoke  section  of  this  lamination  at 
a  rate  the  same  as  the  rotor  speed  (RFM)  and  is  pulsating  at  the 
generating  frequency.  This  material  must  be  of  a  low  loss  magnetic 
material  and  of  very  thin  laminations  to  minimize  iron  losses  at  high 
frequencies.  Laminations  of  .001  inches  euid  .0005  inch  thickness 
have  been  considered  in  this  design.  The  flux  density  must  eJ.so  be 
at  reduced  values  to  minimize  losses  at  high  frequencies.  Ferrites  are 
usable  for  this  core,  but  limit  the  operating  temperature  to  lower 
values  than  possible  with  nickel-iron  alloys. 
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THERMAL  ANALYSIS 

The  cooling  system  of  the  high-frequency  generator  unit  is  made 
up  of  thin  parallel  tubing  located  in  the  stator  yoke.  The  parallel 
tubes  then  converge  into  a  collection  ring  at  each  end.  Heat  is  re¬ 
moved  from  the  stator  to  the  coolant  fluid  by  means  of  conduction. 
High-frequency  generator  units  are  capable  of  operating  at  temperatures 
above  1000°F,  but  designs  considered  here  are  based  on  coolant  tempera¬ 
tures  in  the  500°P  to  800°F  range.  Figure  3 *2. 1-6  shows  the  effect 
of  system  operating  temperature  on  generator  system  weight.  Calculated 
electrical  losses  for  a  50  KC  and  200  KC  unit  and  other  thexTnal  design 
data  including  efficiencies  for  U8  Alloy  and  HYMU  80  materiads  are 
shewn  in  Tables  3*2.1-1  and  3»2.1-2. 

Efficiency  -  Efficiency  of  the  generator  is  reduced  as  the  tempera- 
t\xre  of  the  generator  iron  increases.  Figxrre  3 *2. 1-7  shows  how  the 
efficiency  changes  as  of  function  of  temperature  for  a  300  KW^200  KC 
design.  HYMU  80  material  in  .0005  inch  laminations  can  be  used  to 
nearly  800°F  stator  iron  surface  temperatures  with  a  calculated 
efficiency  of  93*2^  (Table  3*2. l-l).  Alloy  48  Is  shown  on  the 
efficiency  versus  temperature  curve  at  a  lower  efficiency  and  has  been 
considered  for  use  because  of  its  lower  veight.  If  higher  operating 
temperatures  are  required,  the  silicon  irons  will  have  to  be  used  with 
resulting  lower  efficiencies.  Effort  will  be  expended  to  give  an 
indication  of  efficiency  versus  weight  trade-off  potentials. 

Stator  Iron  Losses  -  The  iron  losses  at  high  frequencies  become 
very  important  in  the  design  of  generators  as  they  affect  the  temi)era- 
ture  of  the  parts  and  the  efficiency  of  the  generator.  The  effect  of 
frequency  on  iron  losses,  magnetic  materials,  and  various  lamination 
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thicknesses  eire  reviewed  in  a  later  section  on  Materials.  Only  a  limit¬ 
ed  amount  of  information  exists  on  losses  at  the  50  to  200  KC  level  at 
elevated  temperatures.  Tests  need  to  be  conducted  to  determine  the 
magnitude  of  these  losses  before  finalized  generator  designs  can  be 
made. 

Copper  Losses  -  The  conductor  losses  vary  as  a  function  of 
temperature,  resistivity,  eind  the  sq\aare  of  current  density.  All  the 
copper  losses  have  been  calciilated  for  the  same  material  resistivity 
and  current  density  (see  Table  3* 2.1-1)  in  the  stator  winding  and  a 
lower  current  density  in  the  field  coils.  These  losses  may  be  reduced 
by  additional  conductor  material  and  weight.  The  increase  in  this  loss 
due  to  increase  in  conductor  resistance  as  a  function  of  frequency 
(skin  effect)  can  be  minimized  by  using  small  diameter  conductors  in 
parallel. 


8U 


U) 


RELATED  STUDIES 


North  American  aviation,  Inc. 

INTERNATIONAL  AIRPORT 

_ _ LOS  ANGELES  »,  CALIFORNIA 

NA-63-755-2 

3»3  RELATED  STUDIES 

3.3-1  ANALTSIS  OF  COMPONENTS 

3.3. 1.1  TRANSISTOR  POWER  CAPABILITIES 

The  design  of  the  transistorized  power  converter  was  based  on  the 

availability  of  a  transistor  capable  of  switching  ICO  amps  of  current 
with  a  voltage  rating  of  500  volts  and  a  frecuenoy  capability  of  1 
megacycle.  Although  this  type  of  device  is  not  presently  on  the  market 
it  should  be  available  in  5  to  7  years  through  normal  development.  Con¬ 
sultation  with  several  of  the  leading  transistor  research  engineers  has 
led  to  the  conclusion  that  these  devices  can  be  made  available  sooner 
with  an  accelerated  development  program,  Tne  problems  associated  with 
development  of  these  devices  are  discussed  in  the  section  which  follows. 

The  mesa  transistor  developed  in  19?6  initiated  high-frequency 
power  transistor  development,  and,  although  it  has  largely  been  replaced 
by  the  planar  configviratlon,  the  mesa  type  of  transistor  still  has  the 
important  advantage  of  high-voltage  end  high-current  capability.  First, 
high  collector  breakdown  voltage,  difficult  to  realize  in  shallow  planar 
devices,  is  readily  obtainable  in  the  larger  mesa  junctions.  Secondly, 
by  comparison  with  planar  jxinctions,  substantially  larger  mesa  junctions 
areas  are  economically  feasible  due  to  their  relative  freedeom  from  con¬ 
tamination-induced  defects  such  as  phosphorus  "pipe".  Figure  3.3. 1-1 
shows  the  power-frequency-material  interrelationship  (1963)  for  semi¬ 
conductors,  Power  capability  in  the  50  -  800  KC  range  is  limited  to  a 
1  KW. maximum  (which  is  the  product  of  voltage  and  current). 

If  we  review  some  of  the  basic  design  theories  of  power  transistors, 
we  find  that  the  theories  consist  of  the  original  junction  transistor 
theory  of  Shockley  plus  a  collection  of  analyses  attempting  to  improve 
upon  this  theory.  Host  of  these  theories  are  multi-dimensional  and  non¬ 


linear,  and  although  these  theories  servo  as  a  qualitative  guide,  they 
fall  short  of  a  precise  quantitative  theory,  8$ 
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Figure  3  •1-1  Power  -  Frequency  -  Material  Iiiterrelationehip  (1963) 
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Let  us  look  at  the  T-equlvalent  circuit  representations  of  a  power 
transistor  as  shown  below: 


and  if  we  use  the  power-gain  bandwidth  squared  product,  we  will  have  an 
expression  relating  the  high  frequency  performance  of  a  transistor  to 
the  product  of  certain  device  parameters. 


Gp 


and 


where  ^  \ 

1  0  lrTTT7, 

X - 1  I  J  > 


Af  ♦  fZ  ♦ 

Ift  c 


low  frequencj  gain 


2  TT  re  Cg 


2  TT  (re  ♦  Tg  +  r^) 

Emitter  parasite  resistance 
Base  Parasite  resistance 


Ce  ■  Collector  junction  capacitance 

r  '  -  26 

If  we  rewrite  the  equation  and  eubntitute  values  for  +  fb  +  fe  the 
equations  takes  the  form 


G  (a/)^  -  - - i -  .  - - - - - 

P  8  TT  ri,  Ce  1  ♦  2  TT  (re  +  re'-'^c')  Vf  *  2ir  Ce-  Af  ij 
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This  expression  shows  that  the  frequency  response  Is  dependent 
on  certain  RC  time  constants  in  the  T-equivolent  circuit* 

Now,  if  ve  relate  the  geometry  of  a  device,  to  its  effect  on  the 
transistor  parameters  ve  note  the  following  effects: 

1.  For  high-current  density,  the  active  volvmie  will  be  much 
smaller  than  the  total  available  volume  due  to  the  “edge 
effect" .  The  current  flow  will  be  concentrated  at  the  emitter 
edge.  Therefore,  the  major  paver  dissipation  will  take 
place  at  th"  collector  Junctions  opposite  the  emitter  edge.  The 
active  croES-6octior_il  area  of  the  transistor  for  high-current 
densities  is  proportional  to  the  emitter  edge  length  2L  ajnd 

not  to  the  emitter  area. 

2.  Junction  capacitances  are,  to  a  first  order  approximation, 
proportional  to  the  geometry  areas  involved,  and  ore  therefore 
proportional  to  L. 

3.  Parasitic  resistances  are  inversely  proportional  to  the  croas- 
sectional  area  of  the  material  through  which  the  current 
flows.  Applying  the  geometry -parameter  relationships  to 
low-power,  high-frequency  devices  and  scaling-up  the  dimensions 
of  the  semiconductor  Junctions  has  led  to  the  development  of 
high-power,  high-frequency,  devices  with  linear  geometry,  or 
interdigitated  constructions.  The  scaling -up  process  is 
limited  so  far  by  the  size  of  a  semiconductor  Junction  that 
can  be  produced  that  Is  free  from  ccntanlnant- Induced  defects. 
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Now  consider  several  design  parameters  that  arise  from  the  foregoing 
considerations. 

1.  For  high  current  gain,  the  base  must  bo  thin. 

2.  To  reduce  effects  of  high-current  density,  utilize  thin  bases 
with  low  resistivity  material.  Maintain  emitter  efficiency 
close  to  unity  by  means  of  heavy  emitter  doping. 

3.  For  low  base  resistance,  the  base  layer  should  be  thick. 

Li.  For  high  collector  to  base  breakdown  voltage,  utilize  high 

resistivity  in  the  base  regions. 

From  these  considerations  we  notice  several  conflicting  parameters 
which  result  in  the  necessity  of  trading  off  high-voltage  for  high 
current  or  vice-versa.  Present  day  requirements  have  been  for  the  high 
current  capability.  The  problem  of  obtaining  increased  power  handling 
capabilities  (higher  current  and  higher  voltage  in  the  same  unit) can  be 
solved  by  material  processing  refinements  and  the  use  of  different 
diffused  structures  such  as  the  NPiN  structure. 
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3.3.2  ANALYSIS  0?  ?’ATERIAL 

3. 3.2.1  '’IGNETIC  I'JITERIAL  CHARACTERISTICS 

The  frequencies  considered  for  this  study  were  30  to  200  KC  for 
the  high-frequency  generator  and  30  to  800  KC  for  the  frequency  con- 
verter  units.  Average  coolant  temperatures  used  in  the  design  studies 
were  in  the  200  to  1100°F  range.  Ilajor  determinants  in  the  selection  of 
magnetic  materials  for  these  conditions  are  the  Curie  point,  core  loss 
at  the  design  frequency  and  operating  temperature,  and  usable  fl’jx  density 
at  the  design  temperatures.  Aspects  of  these  determinants  will  be  dis¬ 
cussed  in  the  section  which  follows  with  specific  materials  to  be  dis¬ 
cussed  later  in  this  section. 

Flux  Density 

A  survey  v?as  made  of  the  maximum  flux  density  of  various  low-loss 
magnetic  materials  over  the  100  to  800°C  range.  The  results  of  this 
survey  are  shorn  in  Figure  3. 3. 2-1.  As  can  be  seen  in  this  figure, 
there  is  a  decreasing  maximum  flvix  density  in  going  to  high  temperature 
operation.  Oriented-silicon  steels  are  best  for  flux  capability  with 
low-loss  ferrites  being  extremely  temperature  limited. 

Curie  Point 

Care  '..'ill  have  to  be  exhibited  to  insure  that  operating  temperatures 
of  both  transformers  and  generators  viill  not  exceed  the  Curie  point  of 
the  magnetic  materials.  The  flux  density  value  at  which  magnetic 
materials  become  saturated  decreases  until  at  the  Curie  temperature, 
approximately  730°C  for  silicon  steel,  it  is  totally  non-magnetic. 
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Figure  3. 3 . 2 -1  Fliox  Density  vs.  Temperature  for  various  Materials 


9: 


Rtv. 


North  American  Aviation,  Inc. 

INTERNATIONAL  AIRPORT 

_ LOS  ANGELES  0,  CALIFORNIA 

NA-63-75^-2 

Core  Less  vs.  Temperature 

Core  loss  data  for  high  temperatures  and  low  frequencies-  is  available 
but  not  much  information  is  available  on  core  losses  to  be  expected  in 
high-tenperature,  high-frequency  devices.  From  the  report  of  a  previous 
study, it  is  indicated  that  core  losses  at  55>0°C  are  reduced  to  about 
60^  of  room  temperatiire  values  for  various  laminated  core  shapes.  This 
variation  did  not  appear  to  be  a  function  of  flux  density. 

Typical  core  loss  vs.  flux  density  and  cere  loss  vs.  temperature 
curves  at  the  low  frequencies  and  high  temperatures  are  shown  in  Figure 
3.^. 2-2  and  3. 3*2-3.  The  effect  of  temperature  on  total  core  loss 
(including  both  eddy  current  and  hysteresis  loss)  at  IKC  frequency  is 
shown  in  Figure  3,3 •2-h.  In  general,  the  core  loss  for  both  IfflU  80 
and  Supermalloy  drops  off  steadily  vrith  increasing  temperature.  The 
significant  reduction  in  cere  loss  in  going  from  HYIU  BO  to  Supermalloy 
is  obvious  from  this  data  but  Supermalloy  is  both  temperature  and  flux 
density  limited  as  shown  in  Figures  3,3 
Core  Loss  vs.  Lamination  Thickness 

An  examination  was  made  of  available  data  on  various  magnetic 
materials  in  order  to  determine  the  effect  of  using  reduced  thicknesses 
of  laminations.  Figure  3.3.2-!>  indicates  that  significant  reductions  are 
achieved  by  going  from  two  mil  to  one  mil  materials,  and  that  even 
greater  reductions  could  be  achieved  by  using  l/2  Mil  or  less.  Unfor¬ 
tunately,  no  data  is  presently  available  on  the  relative  core  losses  of 
ultra-thin  laminations.  A  test  program  to  evaluate  such  magnetic 
materials  aprears  extremely  desirable, 
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Figure  3, 3,  2-5  Lamination  Thickness  vs.  Core  Loss 
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Core  Loss  ts.  Freqaency 

The  effect  of  operating  frequency  on  core  loss  is  shown  in  Figure 
3.3.2-6A  and  6B.  This  figure  is  a  compilation  of  core  loss  data  from 
"Reference  Data  for  Radio  Engineers"  (Fourth  Edition)  for  60  cycle  to 
100  kilocycle  operation  with  the  addition  of  data  from,  various  core 
material  specj-fication  sheets  at  the  100  and  200  kilocycle  frequencies. 
Information  on  core  loss  magnitudes  at  the  800  KC  level  has  been  unavail¬ 
able  in  addition  to  core  loss  magnitudes  to  be  encountered  at  elevated 
temperatures. 

It  can  be  seen  from  this  limited  data  that  the  use  of  conventional 
oriented  sjfLicon  steel  material  would  result  in  comparatively  high  losses 
at  200  KC  unless  extremely  thin  laminations  are  used.  The  superiority  of 
HHU  80  over  other  materials  is  evident  in  these  figures  with  respect  to 
other  low  loss  materials.  If  thijn  laminations  are  used,  the  core  losses 
can  be  reduced  to  levels  approaching  that  of  the  ferrites. 

Loss  calculations  in  this  study  have  been  based  on  data  from  these 
curves.  Before  firm  converter  and  generator  designs  for  the  high-frequency 
ranges  specified  in  this  study  can  be  completed  it  will  be  necessary  to 
perform  exjoeriments  to  determine  the  magnitude  of  actual  core  losses  to 
be  encountered.  Such  experiments  are  being  recommended  as  part  of  this 
study  program  in  a  separate  letter  and  also  in  the  Summary  and  Recommenda¬ 
tion  section. 
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3.3. 2. 2  SELECTION  OF  TUTORIALS 
A.  MAGNETIC  MATERIALS 

Selection  of  magnetic  core  material  for  the  final  transformer  and 
generator  designs  will  be  based  on  standard  design  criterion  with  the 
additional  reouirement  of  stability  of  th,e  magnetic  properties  in  the 
specified  environment.  Based  on  Curie  temperatures,  cobalt  alloys  must 
be  used  if  the  magnetic  components  ere  to  operate  at  the  maxj.mum  temp¬ 
erature  of  1500®F.  For  a  lOOOF  range,  the  choice  is  between  Hiperco  27 
or  Hiperco  35  with  Hiperco  27  being  favored.  If  the  maxiimim  temperature 
of  transformer  operation  is  limited  to  lOOO^F,  oriented-silicon-iron 
is  recommended  as  the  best  material,  Silicon- iron  has  been  used  in  the 
preliminary  transformation  design  calculations  with  HllU  80  being  con¬ 
sidered  for  the  high  frequency  output  transformers, 

GEh'ERATOR  FATSRIAL5 
Housing -Low  carbon  steel 
Stator  -  HYl'IU  80 
Rotor  -  Nickel-maraging  Steel 

Windings  -  Nickel  clad  copper,  or  ceramic  coated 
copper  for  high  temperatures. 

Insulation  -  Cerardc  slot  liners  or  mica  sheets  backed 
with  glass  cloth, 

TRA?r3?0RI!ER  I-'iATERIALS 

Cores  -  Silicon-Iron  (Low  Frequency) 
imiU  80  (High  Frequency) 

Windings  -  Nickel  plated  copper 

Insulation  -  Synthamica  asbestos  compound 
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B.  ?'’ATERIALS  CONSIDERED 

Information  on  the  characteristics  of  ferromagnetic  materials 
at  other  than  room  tempera tvires  is  not  readily  available.  The  magnetic 
properties  of  all  promising  alloys  must  be  evaluated  as  much  as  possible 
over  the  selected  temperature  range  in  order  to  provide  parametric  data  for 
design  trade-off  studies. 

The  magnetic  r.aterials  considered  for  this  studj’-  are  commercially 
available  alloys  and  alloys  under  development  which  might  be  available 
in  the  near  future.  These  materials  include  the  following: 

(1)  Unoriented  silicon-iron:  A  widely  used  transformer  core 
material  with  a  Curie  temperature  of  127li°F, 

(2)  Oriented  silicon-iron:  I-'aterial  having  superior  magnetic 
properties  in  the  rolled  direction  and  having  a  Curie  temp¬ 
erature  of  136ii°F, 

(3)  Klperco  27  and  Kioerco  ^0:  A  cobalt-iron  alloy  (27'?  for 
Hiperco  27  and  h9%  plus  vanadium  for  Hiperco  ^O)  with 
a  high  saturating  fl\ix  density.  The  Curie  temperature  is 
1780°F. 

(M  Supermendur ;  A  cobalt-iron  alloy  with  the  sane  composition  as 
Hiperco  “0  but  differs  in  that  it  becomes  annealed  in  a 
magnetic  field.  It  is  characterized  by  high  saturating  flux 
density  and  lov;  losses.  The  Curie  temperature  is  1796°F,  but 
the  alloy  is  known  to  undergo  an  order-disorder  transformation 
at  lower  temperatures  thus  lim.iting  its  usuable  temperature 
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(?)  Superrialloy ;  One  of  the  latest  developments  in  the  field  of  I 
high  permeability  nickel-iron  alloys.  It  is  closely  related 
to  HI?-T  80  in  chemical  composition  and  has  the  highest  initial 
and  maximum  permeability  and  the  lovjest  core  loss  of  any 
commercially  available  material |  but  is  temperature  limited# 

(6)  A11C3'-  U8  and  h9:  A  material  having  high  permeability 

at  low  and  moderate  induction  levels.  Its  initial  permeability 
is  about  twice  that  of  the  oriented  silicon  steels  and  one- 
fifth  that  of  HYW3  80. 

(7)  HY!U  °0!  An  unoriented  79?  nickel-iron-molybdenium  alloy  which 
offers  very  high  initial  permeability  and  maximum  permeability 
at  low  magnetizing  forces  with  minimum  hysteresis  loss, 

(8)  Hypersil;  A  highly  oriented  cold  rolled  sill icon ‘iron  alloy. 

The  orderly  prearrangement  of  the  iron  crystals  assures  much 
layer  losses  and  higher  permeability  than  that  provided  bj'- 
unoriented  silicon-iron  alloys  of  similar  chemical  composition, 

(9)  MJ-£0  (KEARFOTT);  A  ferrite  material  used  in  transformer 
cores.  Losses  are  low  but  the  material  is  temperature  limited 
for  this  application, 

(IC)  ’J-C"  ( Allen- Bradley ) :  A  low  loss  ferrite  used  for  transformer 
cores.  This  material  is  also  temperature  limited, 
c;  WICTDIG  rATERIALS 

Conductors  and  conductor  insulations  for  the  transformer  and  generator 
windings  at  three  performance  levels,  5C0°F,  lOOO^F  and  1900°J'>  are  being 
considered.  Several  insulations  are  available  at  the  500°F  and  1000°F 
ranges,  but  the  selection  is  limited  at  the  1?CX3°F  level, 
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a.  <00°F  Insulated  Conductor  System  -  Copper  and  almninum  conductors 
are  availablf^  for  use  in  transformers  and  generators.  For  equal 
current-carrying  capacity,  the  volume  of  copper  is  less  than  that 
of  aluminum.  Aluminum  electrical  joints  are  fabricated  more  easily 
now  than  previously,  and  aluminum  can  nov?  be  handled  quite  easily. 

b.  ICCO^F  Insulated  Conductor  System  -  At  the  higher  teiriperatures,  copper 
conductors  must  be  protected  by  a  coating  of  oxidation  resistant 
metal  such  as  nickel.  Cladding  has  the  disadvantage  of  reducing  the 
conductivity  of  copper,  especially  at  the  higher  frequencies. 

Inorganic  insulations  must  be  considered  at  this  temperature  with 
special  attention  given  to  assembly  of  conductors  and  insulation, 

c.  l^OO^F  Insulated  Conductcr  System  -  Stainless  steel  cladding  or  platinp 
over  copper  appears  to  be  the  most  suitable  conducter  design  for 
l500°F,  Refractory  oxides  appear  to  be  the  only  insulations  available 
for  use.  Fabrics  and  papers  will  probably  be  used  as  inter-layer 
material  and  as  wrappings, 

D.  INSULATION  -  !!ATERIALS 

Transformer  and  generator  insulation  is  required  to  insulate  electri¬ 
cal  circuits  from  each  other,  from  mechanical  structure,  and  from  the 
magnetic  circuits.  Two  types  of  insulation  are  considered,  a  major 
insulation  to  provide  electrical  insulation  and  a  minor  insulation  whose 
function  is  mainly  to  add  mechanical  strength  to  the  component, 

i 

l!ost  materials  have  a  rated  operating  temperature  based  on  a  given 
life.  I'Jhen  the  component  is  operated  above  its  normal  operating  temp- 
eratvire,  the  average  insulation  life  is  shortened.  Organic  compounds, 
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for  the  most  part,  will  not  withstand  high  temperatxires.  Common 
organic  materials  can  be  used  to  about  400°F  eind  conventional  polyesters 
to  a  limiting  temperature  of  650°F. 

Newly  developed  inorganic  insvilations  are  available  for  use  over 
the  500°F  to  1500°F  temperature  range.  They  are  not  as  good 
electrically,  mechanically  or  fabrication  wise  as  the  organic  insula¬ 
tions,  but  they  are  much  more  stable  at  the  high  temperatures.  The 
critical  parameter  for  high  temperature  insulation  is  the  flexibility. 

The  table  lists  transformer  insulations  available  for  use 

in  the  500°F,  1000°F,  and  1500°F  temperature  ranges. 
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